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Spin injection in high-quality epitaxial Mn5Ge3 Schottky contacts on n-type Ge 
has been investigated using a three-terminal Hanle effect measurement. Clear Hanle 
and inverted Hanle signals with features characteristic of spin accumulation and spin 
precession are observed up to 200 K. Strikingly, the observed spin voltage is several 
orders of magnitude larger than predicted by the theory of spin injection and 
diffusive spin transport. Since the devices have no oxide tunnel barrier, the 
discrepancy between theory and experiments cannot be explained by the often-
invoked spin accumulation in localized states associated with the oxide or 
oxide/semiconductor interface. The observed spin voltages therefore must originate 
from the Ge itself, either from spins in the Ge bulk bands or its depletion region. 
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I. INTRODUCTION 
The considerable progress in the electrical injection and detection of spin-polarized carriers 
in group-IV semiconductors has strengthened the field of semiconductor spintronics over the past 
few years.1-17 To date, the most common technique to achieve efficient spin injection into a 
semiconductor (SC) such as silicon or germanium is to use a magnetic tunnel contact consisting 
of a conventional 3d-ferromagnet (FM) and an Al2O3, MgO or SiO2 oxide tunnel barrier1,3,5-7,9-
14,16,17. Subsequently, the presence of spin accumulation in the SC can be detected by electrical 
means using either a local three-terminal (3T) geometry1,18 or a non-local (NL) four-terminal 
geometry19,20. The NL scheme uses two distinct ferromagnetic contacts for spin injection and 
detection, enabling the complete separation of the charge current path from the spin current path, 
provided that the devices are properly designed20 such that there are no artifacts due to magnetic 
field-dependent offsets in the detector voltage. The three-terminal configuration consists of one 
single FM contact that acts as the spin injector as well as the spin detector. A first consequence is 
that the 3-terminal geometry is more sensitive to spurious signals such as Hall or anisotropic 
magneto-resistance (AMR) effects because of the non-zero charge current at the detector 
junction. However, these effects can be ruled out by a proper control experiment.1,21 Secondly, 
theory work22 shows that the spin voltage signal in the local geometry can have contributions not 
only from the spin accumulation induced in the semiconductor itself, but also from spin 
accumulation induced in localized states in the tunnel contact via two-step tunneling.22  
As recently reviewed,9,12 experimental data obtained by many research groups using the 
three-terminal configuration deviates significantly from what is expected on the basis of the 
theory of spin injection, accumulation and diffusion.23 In particular, detected spin voltages many 
orders of magnitude larger than predicted by theory were reported for FM/oxide magnetic tunnel 
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contacts on GaAs,22 Si,7,11,12,14,16 and Ge.5,10,13,16 Furthermore, the scaling of the spin signal with 
the thickness of the tunnel barrier also disagrees with the theoretically expected trend.16 
Nonetheless, the spin signals, which are obtained from Hanle measurements, show all the 
characteristic features of precession of an induced non-equilibrium spin population. This 
indicates that interesting and yet to be uncovered physics is at play. 
Although often overlooked, the magnitude of the spin signals detected in NL devices with 
a group-IV semiconductor channel also show deviations from the theoretically expected values. 
In Si- and Ge-based devices with Fe/MgO tunnel contacts, the experimentally observed NL spin 
signal is about two orders of magnitude smaller than expected, and in agreement with theory 
only if the tunnel spin polarization of the Fe/MgO contacts is taken to be a few percent,3 or even 
less than one percent,6 whereas a value of 50% is more reasonable. Interestingly, the same 
devices exhibit spin signals significantly larger than expected when the two-terminal 
magnetoresistance between the two ferromagnetic contacts is measured.17 All this indicates that 
there is still a lack of quantitative understanding of the spin transport.     
Returning to the 3T geometry, to explain the large spin voltage, the first and most often-
cited theory involves two-step tunneling through localized states near the oxide/SC interface.22,24  
If the coupling of those states to the bulk semiconductor bands is sufficiently weak, a large spin 
accumulation may be induced in the interface states with a correspondingly enhanced spin 
voltage signal in a 3T Hanle measurement. While recent results indicate that this model does not 
reproduce the observed scaling with tunnel barrier thickness,16 the debate is ongoing and new 
proposals have appeared.14,25-27 Specifically, it was considered that the spin signal may originate 
from the oxide tunnel barrier itself,14,22,25-27 possibly from localized states in the oxide close to 
the interface with the ferromagnet or from localized states deep within the tunnel oxide. More 
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recently, the original theory22 of two-step tunneling via localized states has been extended26,27 by 
including the on-site Coulomb repulsion and considering the regime where the thermal energy is 
smaller than the energy range eV of the tunnel electrons (set by the bias voltage V, with e the 
electron charge), in which case back-flow into the source electrode is blocked and spins 
accumulate in the localized states unless forward tunneling into the other electrode is enabled by 
spin precession in an external magnetic field. We stress that all these explanations14,22,25-27 
involve localized states, either in the tunnel oxide or at the oxide/semiconductor interface, and 
also the existence of a non-equilibrium spin population, spin precession and the Hanle effect 
(even if a different name, i.e., resonant tunneling magnetoresistance, is used26,27). 
Understanding the novel underlying physics of spin transport in 3T devices is an important 
goal, and it seems clear that the answer cannot be found in NL devices where the large signal 
enhancement is generally not observed. Considering this, we focus on 3T devices, and 
investigate another approach to create a spin accumulation in a SC by tunneling, namely via a 
FM/SC Schottky tunnel contact. This has been done previously using specific FM alloys such as 
Fe3Si2,15,28 or CoFe.4,8 on Si and Ge with (111) orientation. Even though the growth of such 
alloys is usually hampered by the necessity to precisely control the compound stoichiometry,29-31 
a direct Schottky contact is an interesting system for 3T spin transport because there is no oxide 
tunnel barrier. This eliminates all possible enhancements of the spin voltage by localized states 
in the tunnel oxide or at the oxide/SC interface. Another important aspect is that in this work we 
use a native Schottky contact, i.e., we use a semiconductor with a homogeneous doping density. 
In contrast, most of the previous work on ferromagnet/semiconductor Schottky contacts has been 
carried out using a moderately doped semiconductor having a more heavily doped surface 
region18,32-34 or a δ-doping layer near the surface.2,4,8,15,28 The resulting non-trivial conduction 
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band profile, that often includes a subsurface potential well, complicates the spin transport at the 
interface and therefore the interpretation of the results.34-36 
Thus, we report here on spin injection in high-quality epitaxial Mn5Ge3 Schottky contacts 
on n-type Ge using a three-terminal Hanle effect measurement. The ferromagnetic Mn5Ge3 
compound was grown epitaxially on Ge(111) using a simple and rapid growth technique and 
exhibited an abrupt interface with the Ge without any intermixing.37,38 Clear Hanle and inverted 
Hanle signals with features characteristic of spin accumulation and spin precession are observed 
up to 200 K. The observed spin voltage is several orders of magnitude larger than predicted by 
the diffusive theory of spin injection and transport. Contrary to recent suggestions,14,22,25-27 the 
discrepancy between theory and experiments cannot be explained by spin accumulation in 
localized states associated with the oxide or oxide/semiconductor interface since our devices do 
not have an oxide tunnel barrier. The observed spin voltages therefore must originate from the 
Ge itself, either from spins in the Ge bulk bands or its depletion region. 
 
II. FABRICATION OF THE SCHOTTKY DEVICES 
The epitaxial Mn5Ge3 Schottky contact was fabricated on an As-doped Ge(111) substrate 
with a carrier concentration of 1.1 × 1018 cm-3 and a resistivity of 6 mΩcm at 300 K. The 
resistance (R) of the substrate showed a very weak temperature dependence [R(10 K)/R(300 K) = 
1.1], indicating a degenerate character. Prior to the deposition, the Ge substrate was first etched 
in dilute HF and then annealed at 700 °C for 10 min in an ultrahigh vacuum chamber to remove 
the native oxide. After this step, the Ge exhibited a well-ordered reconstruction pattern 
corresponding to a clean Ge surface.38 Subsequently, we carried out the solid phase epitaxy 
method37,38 by first depositing a 8 nm-thick Mn layer at room temperature (RT) using a Knudsen 
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cell, and then annealing the sample in-situ at 450 °C to form the stable Mn5Ge3 compound. After 
this step, the reflection high-energy electron diffraction (RHEED) images displayed new streaky 
patterns, as shown in Figs. 1(a) and (b). These patterns correspond to the formation of a two 
dimensional epitaxial Mn5Ge3 film.37 Finally, a 20 nm-thick Au cap layer was deposited at RT to 
prevent oxidation of the Mn5Ge3 film. The high-resolution cross-sectional transmission electron 
microscopy (TEM) image presented in Fig. 1(c) confirmed that an epitaxial Mn5Ge3 film with a 
high crystalline quality was obtained. The interface with Ge is free from any intermixing layers 
or clusters and is relatively abrupt. Nevertheless, in the low magnification TEM image (Fig. 
1(d)), a non-negligible roughness is visible (the peak to valley roughness of the top surface 
exceeds 1 nm). Also, the contrast oscillations at the interface with Ge indicate a significant strain 
in the grown layer, which is due to a rather large lattice mismatch between Ge and Mn5Ge3 
(about 3.7%).37,38 The thickness of the Mn5Ge3 layer estimated from the TEM image was about 
13 nm. The magnetic properties of the Mn5Ge3 film were measured by a superconducting 
quantum interference device (SQUID) magnetometer. A Curie temperature (TC) of about 300 K 
was determined, which is consistent with previous reports.37,38 For the transport measurements, 
standard micro-fabrication techniques (e.g., photolithography, Ar-ion milling, and SiO2 
sputtering) were carried out to fabricate the Schottky junctions with an active area of 100 × 200 
µm2. All the measurements were performed on the same device except for the spin signal versus 
bias voltage data presented in Fig. 6, which was obtained on a second device with nominally the 
same I-V characteristics and spin signals. To keep the measurement time within reasonable 
bounds, Hanle signals were measured at a limited number of different temperatures.  
    In previous 3T Hanle measurements using FM/oxide tunnel and Schottky contacts,1,4-
16,22,25,27 it is generally found that the Hanle signal ΔV is typically between 0.01 and 1% of the 
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applied voltage V, so that the magnitude of the spin signal (ΔV divided by the current density) 
depends on the tunnel resistance. Although this scaling is not predicted by theory, there will be a 
particular value of the resistance for which the spin signal would, by coincidence, match the 
theoretically predicted value, which is determined by the parameters of the semiconductor 
(resistivity and spin-diffusion length) and the junction area. The Schottky devices studied here 
have a tunnel resistance that is orders of magnitude larger than the value for which such a 
coincidental agreement would occur, allowing a meaningful test of the agreement between 
theory and experiment. 
	  
III. RESULTS AND DISCUSSION 
A. Schottky contact characteristics: 
The current-voltage (I-V) characteristics of the junction measured at various temperatures 
are displayed in Fig. 2. The measurement was carried out between the junction and a Cr/Au 
contact with a large area (few mm2) by a conventional two-probe method. All the I-V curves 
show a strong rectification, at all temperatures. This typical Schottky diode behavior indicates 
that the transport mechanism is not pure tunneling but thermally-assisted, which is in agreement 
with a previous study.39 This feature is generally observed in direct metal contacts on n-type Ge 
because the Fermi level of the metal is strongly pinned near the top of the valence band of the 
Ge.40,41 Although the mechanism underlying the Fermi level pinning at the metal/Ge interface is 
still unclear, one of the possible explanations is based on metal-induced gap states42 that have 
energies within the band gap of the SC and penetrate from the metal into the SC.  
 
B. Three-terminal Hanle effect measurements 
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To probe the presence of spin accumulation, we performed Hanle effect measurements in a 
3T configuration.1,18 As mentioned earlier, in this geometry the FM Schottky contact has the 
function of the spin injector and detector whereas two other contacts are used as the reference 
electrodes to apply a constant current and measure the voltage. The spin accumulation is thus 
detected in the SC just underneath the FM injector contact. For a normal Hanle measurement, a 
magnetic field (B⊥) perpendicular to the film plane and thus transverse to the spins reduces the 
spin accumulation due to spin precession, inducing a change in the voltage across the junction, at 
constant current. However, the presence of local stray fields due to the roughness of the FM can 
induce a partial depolarization of the spins at zero magnetic field. This effect can be suppressed 
by applying an in-plane magnetic field (B//), known as inverted Hanle effect.43 Fig. 3(a) presents 
the change in the voltage across the Mn5Ge3/n-Ge Schottky contact measured at 15 K under 
forward bias and at a constant current of -40 µA. This corresponds to electron extraction from 
the Ge into the FM. For low transverse B⊥ we observe a decrease of the voltage with increasing 
external magnetic field with a Lorentzian line shape. This can be ascribed to the Hanle 
precession of the electron spins that leads to a progressive suppression of the spin accumulation. 
On the other hand, when the external magnetic field is applied in the film plane (B//), an increase 
of the voltage is observed, which corresponds to the inverted Hanle effect.43 This is due to the 
recovery of the spin accumulation and indicates the presence of local magnetic fields in the 
junction. The total spin signal, which is defined as the sum of the voltage change in the 
Lorentzian part of the Hanle and the inverted Hanle curve is about 230 µV. No spin signal could 
be observed under reverse bias (electron injection condition) because the strong diode-like 
behavior limits the current across the Schottky junction and thereby the signal-to-noise ratio.  
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C. Signature of the Mn5Ge3 ferromagnet 
The evolution of the Hanle signal (red curve) at higher external transverse field reflects the 
magnetic properties of the Mn5Ge3 film. As expected for a 13 nm-thick Mn5Ge3 film,38,44 the 
magnetization at 15 K shows a hard axis perpendicular to the film plane (Fig. 3(b)). The 
magnetization has reached the fully out-of-plane orientation at a field of about Bsat = 0.65 T. This 
behavior is in line with the Hanle curve showing first a reduction of the spin signal at low 
magnetic field due to spin precession, and then an upturn in the signal due to the rotation of the 
magnetization of the FM towards the out-of-plane direction. This reduces the spin precession. 
Above a magnetic field of about 0.65 T, the spin signal saturates because the magnetization, and 
therefore the spin of the injected electrons, is aligned with the external field. Notice that at high 
magnetic field, the Hanle and inverted Hanle signals saturate at different values, revealing an 
anisotropy between in-plane and out-of-plane magnetization. This has also been observed in 
FM/oxide/SC systems and is attributed to tunneling anisotropic magnetoresistance (TAMR) 
and/or tunneling anisotropic spin polarization.45,46 
A new feature appears in the inverted Hanle curve in that it exhibits hysteresis. To better 
appreciate this, we present an enlargement of Fig. 3(a) at low magnetic field in Fig. 4(a). The 
presence of a hysteresis in the inverted Hanle curves can be clearly seen around B = ± 50 mT. As 
previously explained,43 the inverted Hanle effect is the consequence of the local magnetostatic 
fields that originate from the roughness of the FM. A sizeable roughness was indeed revealed by 
the TEM observations (Fig. 1(d)). However, the observation of a strong hysteresis suggests that 
another source of local magnetostatic fields exists. The magnetic properties of the Mn5Ge3 film 
for the in-plane applied field at 15 K are displayed in Fig. 4(b). The curve exhibits a square-like 
shape, confirming that the easy axis of the magnetization lies in the plane of the film.37,47 More 
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importantly, as already reported for such thin Mn5Ge3 nanostructures,44,48 the shape of the curve 
is consistent with the process of magnetization reversal by domain nucleation. This induces the 
formation of domain walls that are Bloch-type, i.e., with a magnetization perpendicular to the 
film plane, which can causes additional stray field around the coercive force of ± 50 mT. 
Therefore, we attribute the presence of hysteresis in the inverted Hanle curve to the variation of 
the local stray field during the magnetization reversal of the Mn5Ge3 film. In a previous optical 
study of spin precession in Ni/GaAs structures, the effect of stray fields created by the domain 
structure of the ferromagnet was also reported.49 At large B// we observed that the voltage across 
the junction saturates because spin precession in the local magnetostatic fields is suppressed. 
Note that for a process of magnetization reversal by rotation, the magnetization and thus the 
injected spins would make an angle with the applied field. This would result in spin precession 
and would also produce hysteresis.  
 
D. Evolution of the spin signal with the temperature 
Clear Hanle and inverted Hanle effects could be still observed up to 200 K under forward 
bias, as shown in the Fig. 5(a). Closer to room temperature, no spin signal could be detected, 
which can be expected for a FM with a TC of about 300 K. Recently, an enhancement of the TC of 
Mn5Ge3 up to 430 K was demonstrated by using a carbon-doping technique while keeping a high 
crystalline quality of the structure and a high thermal stability.50,51  Hence, this could lead to the 
creation of spin accumulation at RT in carbon-doped Mn5Ge3/n-Ge junctions. 
Next, the junction-area-product [junction-RA = (V / I) × A] and the spin resistance-area- 
product [spin-RA = (ΔV / I) × A] are plotted as a function of temperature (T) in Fig. 5(b). All the 
measurements were taken under forward bias at the same bias voltage. An exponential decay is 
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observed with increasing temperature up to 200 K, with the decay rate of the spin-RA being 
slightly larger than that of the junction-RA. The spin signal is proportional to P2, where P is the 
tunneling spin polarization, and at temperatures well below TC, P is expected to decay with T as 
1 – αT 3/2 with an α that depends on the TC and on the junction interface properties.52 For a tunnel 
interface, the parameter α is generally larger than the one that describes the decay of the bulk 
magnetization with temperature.52 
From the normal Hanle curves, we can estimate the effective spin lifetime (τS) by using the 
following expression: ΔV(B⊥) = ΔV(0) / [1 + (ωLτS)2], where ωL is the Larmor frequency (ωL = 
gµB/ħ, where g is the electron g-factor (g = 1.6 for Ge),53 µB is the Bohr magneton and ħ is 
Planck’s constant divided by 2π). The fitting curve is represented by the solid line in Fig. 4(a) 
and Fig. 5(a) and gives a τS of 146 ps and 136 ps at 15 K and 200 K, respectively. These values 
are noticeably lower than the values (several ns) extracted from electron spin resonance on As-
doped Ge with a similar doping density,54 but we should recall that the presence of a sizeable 
inverted Hanle effect implies that additional magnetic fields are present, causing an artificial 
broadening of the Hanle curve and thereby an apparent reduction of the spin lifetime.43  
 
E. Evolution of the spin signal with bias voltage 
Fig. 6 presents the evolution of the absolute current |I|, the spin signal ΔV, the junction-RA 
and the spin-RA as a function of the forward bias voltage V (V < 0) at 15 K. The salient features 
are as follows. Firstly, the current |I| rises exponentially with increasing |V| (Fig. 6(a)), which is 
typical for a Schottky diode under forward bias. As a consequence, the junction-RA decreases 
exponentially with bias, as shown in Fig. 6(c). Secondly, the spin signal ΔV does not increase as 
a function of bias voltage, but instead exhibits a weak decay (Fig. 6 (b)). The total spin signal ΔV, 
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obtained from the sum of the Hanle and inverted Hanle signal amplitudes, has a value of about 
250 µV at V = -250 mV and decreases quasi-linearly to a value of 180 µV at V = -425 mV. The 
signal corresponding to the Hanle contribution only (green diamonds in Fig. 6 (b)) also exhibits a 
quasi-linear decrease. Thirdly, the spin-RA product decays exponentially as a function of bias 
voltage (Fig. 6 (c)) and the decay is slightly faster than that of the junction-RA product. Although 
some decay of the spin signal with bias is expected due to the known reduction of the tunnel spin 
polarization P at higher energy, the expected decay is rather weak.55 In fact, the close 
resemblance of the behavior of the spin-RA and the junction-RA product suggests that the spin 
voltage ΔV is not proportional to the current but to the applied voltage (a constant ΔV/V is 
equivalent to a constant ratio of the spin-RA and the junction-RA product). A similar scaling was 
recently reported for 3T measurements on FM/oxide tunnel contacts on Si and Ge where the 
thicknesses of the oxide was varied.16 We note that because our device has a strongly non-linear 
I-V curve, a study of the spin signal versus bias voltage can be used to distinguish between 
scaling of the ΔV with the current or with the voltage (this is not possible in a device with a 
linear I-V curve). 
 
F. Comparison with theory 
We now compare the experimental value of the spin-RA to the value predicted from the 
standard theory	  for spin injection in a nonmagnetic material.23 The theoretical spin-RA is equal to 
P2ρGelsd where P is the tunnel spin polarization of Mn5Ge3, ρGe the resistivity of the Ge substrate 
and lsd the spin-diffusion length. Taking P ∼ 0.5 and ρGe = 0.006 Ωcm at 15 K, and assuming lsd = 
1 µm, we obtain a theoretical spin-RA of 15 Ωµm2. The measured spin-RA is 100 kΩµm2 at 15 K 
(Fig. 5(b)) and even larger at lower bias (Fig. 6(c)), and thus about 4 orders of magnitude larger 
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than the theoretical value. Moreover, the spin voltage is comparable to that previously observed 
for FM/oxide/Ge tunnel junctions.5,10,13,16 We conclude that despite the absence of the oxide 
tunnel barrier, the spin voltage deviates significantly from the theoretically expected value by 
many orders of magnitude. Moreover, we observed a scaling of the spin-RA product with the 
junction-RA product when the temperature (Fig. 5(b)) or the bias voltage (Fig. 6(c)) is varied. 
This scaling is, as previously pointed out,16 also not consistent with the predictions of the theory. 
Next we discuss the origin of the discrepancy. 
 
G. Discussion of the origin of the large spin voltage 
1) States related to the oxide   
It has frequently been argued that the enhanced Hanle spin signals originate from localized 
states at the oxide/SC interface or originate from the oxide barrier itself, 14,22,25-27 that this can 
explain all the spin signals observed on FM/oxide/SC devices obtained with the 3T geometry,26,27 
and that the spin signals do not arise from spins in the non-magnetic channel.26,27 However, since 
the Schottky contacts studied here do not have an oxide tunnel barrier, the enhanced spin signal 
cannot be explained by any mechanism that involves the oxide and the localized states these may 
produce. We can thus exclude the explanations given by Tran et al.22 (two-step tunneling via 
localized states at the oxide/semiconductor interface), Uemura et al.14 (localized states in the 
oxide near the FM interface), Txoperena et al.25 (states in the oxide barrier), as well as the 
“resonant tunnel magnetoresistance” proposed by Song et al.26 (impurity defect states in the 
tunnel oxide) and later also invoked by Txoperena et al..27 Note that in the latter case metallic 
junctions were used with oxide tunnel barriers that were deliberately made to be oxygen-
deficient to enable the impurity-assisted mechanism to appear, whereas the associated spin 
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signals were absent in well-oxidized tunnel barriers created by plasma oxidation. Finally, we 
note that interface states, i.e., metal-induced gap states, are certainly expected to be present in 
FM/SC Schottky contacts. However, such states are directly coupled to the FM and hence these 
interface states cannot sustain a large spin accumulation as spins will be drained away by the FM 
that acts as an efficient spin sink.  
2) Conduction band profile 
As mentioned in the introduction, in ferromagnet/semiconductor Schottky contacts one 
commonly uses a semiconductor with a surface doping profile, either a graded profile with a 
more heavily doped surface region18,32-34 or a δ-doping layer near the surface.2,4,8,15,28 The non-
homogeneous doping density results in a inhomogeneity of the spin-transport parameters of the 
semiconductor (spin-relaxation time, spin-diffusion length, etc.). More importantly, the 
conduction band profile is non-trivial and often includes a subsurface potential well. All this 
complicates the spin transport at the interface and prevents a quantitative comparison between 
experiment and theory.34-36 Noteworthy is that the spin accumulation, when confined to the 
subsurface potential well, can be enhanced and with it the spin signals that are detected in a 3T 
measurement.  
In this regard it is important to keep in mind that in the work presented here we did not use 
a doping profile, but instead we studied Schottky contacts on a semiconductor with a 
homogeneous doping density. The abovementioned complications are therefore absent in our 
devices and we can thus exclude any possible source of spin signal enhancement associated with 
a surface doping profile.    
3) Effect of spin drift  
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In the theory work by Yu et al.56 it was pointed out that spin injection from a FM into a SC 
can be affected by spin drift due to the electric field that is induced in the SC. Recently, the 
effect of spin drift was investigated in devices containing FM/MgO tunnel contacts on Si.57 
Whereas no spin drift effects were observed for 4-terminal non-local measurements, it was 
argued that spin drift effects are important for 3T measurements.57 This raises the question 
whether this effect is relevant in our Ge-based Schottky devices. The low resistivity of the Ge 
substrate used, its large thickness (about 0.3 mm) and the small current density due to the large 
area of the contact limit the electric field in the Ge to several tens of mVcm-1 for a bias voltage of 
-300 mV. At such small values of the electric field, spin drift is negligible.56 Therefore, the effect 
of spin drift cannot explain the enhancement of the spin accumulation by several orders of 
magnitude.  
4) Non-linearity of the I-V characteristics 
It has recently been pointed out that the magnitude of the spin signals can be modified if 
the transport across the contact is non-linear.58,59 It is relevant to discuss this possibility, since the 
Schottky contacts we studied here are highly rectifying and exhibit strongly non-linear I-V 
characteristics. Let us first comment on how the non-linearity affects the spin signal. In previous 
works,58,59 it was argued that when transport is non-linear, the spin signal is enhanced by a factor 
(dV/dI)/(V/I) representing the ratio of the differential resistance and the resistance of the contact. 
We have recently found that in general one cannot describe the effect of the non-linearity on the 
spin signal by this simple multiplication.60 Explicit theoretical evaluation60 of spin signals for 
thermally-activated transport across a Schottky barrier shows that the ratio of differential 
resistance and resistance does not appear in the expression for the spin signal, even though the 
transport is highly non-linear and rectifying (note that for a Schottky diode under forward bias, 
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(dV/dI)/(V/I)  < 1, which according to previous works58,59 would produce a reduction of the spin 
signal due to the non-linearity). Secondly, it was found60 that a non-linearity, characterized by a 
non-zero d2I/dV2, changes the magnitude of the detected spin signal if the magnitude Δµ of the 
induced spin accumulation is sufficiently large compared to the characteristic energy scale E0 
that describes the degree of non-linearity. When the spin accumulation is, as usual, small, the 
transport parameters are essentially constant over the energy range of the spin accumulation. The 
spin accumulation is then not able to probe the non-linearity. The parameter E0 can be obtained 
by fitting the forward bias part of the experimental I-V curves (Fig. 2) to the following 
expression: I ∝ exp(q|V|/E0). The result is E0 = 25 meV, which indeed is much larger than the 
value of the spin accumulation. Moreover, even if the spin accumulation is large compared to E0, 
it will in general not produce an enhancement of the spin signal but instead a reduction, because 
I-V curves are typically super-linear (with a conductance that increases with bias voltage). The 
spin-detection sensitivity is enhanced in special cases for which the conductance decreases with 
bias voltage. We conclude that the large spin signals observed in our Schottky device are not due 
to the non-linearity of the electrical transport.  
5) Spins in the Ge  
Let us first of all stress that notwithstanding the signal magnitude, the spin voltage 
obtained from the Hanle measurements shows all the characteristic features of precession of an 
induced non-equilibrium spin population: a signal decay with a Lorentzian shape for small 
magnetic fields perpendicular to the spins, a signal recovery for larger perpendicular fields due to 
rotation of the ferromagnetic injector into the direction of the applied field, and an inverted 
Hanle effect for applied magnetic fields parallel to the spin direction.61 This also allows us to 
rule out TAMR, AMR and Hall voltages since these do not produce a signal with a Lorentzian 
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line shape. And since the signal cannot originate from any oxide-related localized states, the 
large spin signal can only come from spins in the Ge itself. 
Still, there are two possibilities. One is that the spin signal is due to a genuine spin 
accumulation in the Ge conduction band, and that this produces a signal much larger than 
predicted by theory for a not yet known reason. Alternatively, the signal may come from the 
depletion region in the Ge (that forms the tunnel barrier) if it contains defect states. It certainly 
contains shallow dopant states, but these are strongly coupled to the conduction band and hence 
cannot sustain an enhanced spin accumulation (for each spin, their occupation is described by the 
same electrochemical potential as the bulk conduction band states). Therefore, we consider that it 
is possible that some Mn atoms may have diffused into the Ge during the growth process. Since 
Mn can act as a double acceptor in Ge with energy levels from the valence band at + 0.16 eV and 
from the conduction band at - 0.32 eV (mid-gap), two-step tunneling through the Mn impurities 
in the depletion region of the Ge can occur. Although this cannot be confirmed or excluded with 
the data at hand, it would still imply that the large spin precession signal originates from the Ge. 
Further work is needed to clarify whether or not Mn defects in the depletion region play a role.  
 
IV. CONCLUSIONS 
To conclude, we have investigated electrical spin injection using an epitaxial Mn5Ge3 
Schottky contact on n-type Ge(111), where the Mn5Ge3 film exhibits a high crystalline quality 
and a well-defined interface with the Ge. Hanle and inverted Hanle effects were clearly detected 
up to 200 K using the 3T geometry. Despite the absence of an oxide tunnel barrier, the observed 
spin signal is 4 orders of magnitude larger than the predicted value. By using a native Schottky 
contact without tunnel oxide, we can rule out any signal enhancement due to mechanisms that 
18	  
	  
involve localized states in an oxide or at the oxide/SC interface. Since the Hanle signals have all 
the features characteristic of spin accumulation and spin precession, we conclude that the 
observed spin voltages must originate from the Ge itself, either from spins in the Ge bulk bands 
or its depletion region. 
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FIGURE CAPTIONS  
FIG. 1 RHEED patterns of the Mn5Ge3 layer along the (a) [1-10] and (b) [11-2] azimuths of the 
Ge substrate, respectively. (c) High-resolution and (d) low magnification cross-sectional TEM 
image of the Au/ Mn5Ge3/n-Ge structure. 
 
FIG. 2 Current-voltage characteristics of the Mn5Ge3/n-Ge device measured at various 
temperatures. The bias voltage is defined as VGe – VMn5Ge3, where VGe and VMn5Ge3 are the 
potentials of the Ge and Mn5Ge3 electrodes, respectively. 
 
FIG. 3 (a) Hanle (B⊥) and inverted Hanle (B//) curves of the Mn5Ge3/n-Ge device measured at 15 
K with V ∼ - 300 mV and I = - 40 µA. This bias convention corresponds to electron extraction 
from the Ge into the FM (forward bias). Blue and green curves correspond to the field swept 
from positive to negative and from negative to positive values, respectively. (b) Magnetization 
curve measured at 15 K with the magnetic field applied in the film plane (B⊥). 
 
FIG. 4 (a) Enlargement of the Hanle (B⊥) and inverted Hanle (B//) curves of the Mn5Ge3/n-Ge 
device measured at 15 K with V ∼ - 300 mV and I = - 40 µA under forward bias. Blue and green 
curves correspond to the field swept from positive to negative and from negative to positive 
values, respectively. (b) Magnetization curve measured at 15 K with the magnetic field applied 
in the film plane (B//). 
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FIG. 5 (a) Hanle (B⊥) and inverted Hanle (B//) curves of the Mn5Ge3/n-Ge device at 200 K with V 
∼ - 300 mV and I = - 3.37 mA under forward bias. (b) Junction-RA and spin-RA as a function of 
the temperature measured at a bias voltage of V ∼ - 300 mV. 
 
FIG. 6 (a) Absolute current |I|, (b) spin voltage ΔV and (c) junction- and spin-RA product of a 
Mn5Ge3/n-Ge device at 15 K as a function of the forward bias voltage V. In Fig. (b), the orange 
triangles and green diamonds correspond to ΔVTotal and ΔVHanle, respectively, where ΔVTotal is 
obtained from the sum of the Hanle and inverted Hanle signal amplitudes. The data was obtained 
on a different (yet nominally identical) device than the one used for Figs. 2 – 5. In Fig. 6(c), the 
two black data points at V = - 300 mV correspond to the Mn5Ge3/n-Ge device that was used for 
Figs. 2 – 5. 
  
26	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1 (a), (b), (c) and (d) 
10 nm 
Ge(111) 
Mn5Ge3(001) 
Au 
! 
[11-2] 
[111] 
[1-10] 
! 
[100] 
[001] 
[120] 
[1-10] [11-2] 
(a) (b) 
(c) 
20 nm 
Ge 
(d) 
Mn5Ge3 
Au 
27	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 2 
28	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 3 (a) and (b) 
29	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 4 (a) and (b) 
30	  
	  
 
 
 
 
 
 
 
 
 
 
FIG. 5 (a) and (b) 
 
 
-0.30 -0.15 0.00 0.15 0.30
0.000
0.005
0.010
0.015
0.020
0.025
 
 
B// 
B⊥ 
T = 200 K B// 
Lorentzian*fit*
τS*=*136*ps*
0 50 100 150 200 250 300
101
102
103
104
105
106
107
108
109
1010
Spin-RA
 
 
Junction-RA
(a) 
(b) 
Magnetic Field B (T)  
ΔV
 (m
V)
 
Temperature (K)  
Ju
nc
tio
n-
R
A
 o
r S
pi
n-
R
A
 (Ω
µ
m
2 )
 
VBias = -300 mV 
31	  
	  
 
 
 
FIG. 6 (a), (b) and (c) 
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